In vivo and in vitro rates of intestinal rhythmic contractions were measured in the same rats varying in age from very young to the senescent. Two rat strains, three small intestine locations, and six ages were compared. Contraction rates determined in vivo and in vitro were similar. Rhythmic contractions at all ages were fastest in the duodenum, slower in the jejunum, and slowest in the ileum. Contractions at 10 days of age were significantly slower than' at all other ages; otherwise no systematic age-associated difference in contractions was demonstrated in either strain. Several factors were suggested as possibly influencing the developmental aspects of contraction rate and, therefore, their potential involvement in the early post natal period was suggested. It appears that old age does not influence the rate at which rhythmic contractions occur in the small intestine of the rat, and very possibly, these results are applicable to other species including humans.
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Rhythmic contractions have been variously described using such terms as: rhythmic bursts, work periods, burst activity, and slow waves. They are part of the interdigestive complex of rhythmic motor and electrical activity which migrates distally from the duodenum to the ileocecal valve and are thought to function in a 'house cleaning' capacity (Code, 1982) . Although numerous studies have been conducted on one Received 26 July 1988; accepted 10 October 1989 or another aspects of small intestine motility, none have considered the aspect of ageing.
The rate of rhythmic contractions of the small intestine is fastest in the duodenum, slower in the jejunum, and slowest in the ileum. This was reported first by Alvarez in experiments in which he used rabbits in vitro (Alvarez, 1914) and in vivo (Alvarez, 1915) . Douglas (1941) using unanaesthetized trained dogs with exteriorized intestinal loops reported the duodenum and jejunum had identical rates, and only the ileum was slower. Both rhythmic contractions and their frequency gradient have been shown to be present in numerous animal species (Code et al., 1968) and are independent of sympathetic and vagal nerve supply (Douglas, 1941 (Douglas, , 1949 .
In general, the relatively few studies dealing with the ageing effect on intestinal function are predominantly clinical trials on gastrointestinal function. It has been shown that there is an age-related decrease in contraction amplitude of the oesophagus in humans (Khan et al., 1977) , a decrease in fat absorption in the small intestine of humans (Webster et al., 1977) , a decrease in xylose absorption from the small intestine of humans (Webster & Leeming, 1975) , an increase in contractility of intestinal circular smooth muscle of cats (Bortoff et al., 1980) an increase in transit time through the entire GI tract of humans (Brocklehurst & Kahn, 1969) , and specifically an increased transit time in the colon of rats (McDougal et al., 1984) . There appear to be no studies on the age-related contraction rate and frequency gradient of the small intestine. This view was corroborated by Kaye (1981) who wrote, 'there is a distressing paucity of studies which address the effects of aging upon gastrointestinal motility' .
The present study was undertaken to help fill this information void on the ageing effect on rhythmic contractions of the small intestine. The rat was used not only because it is a very popular laboratory animal for experimental purposes but also it appears to be a good model for studying human gastrointestinal changes with ageing (McDougal et al., 1984) .
Materials and methods

Animals
Two strains of rats-CrlCDrBR outbred and CDFr(F344)/CrlBR inbred (Charles River Breeding Laboratories, Massachusetts, USA)-were used from our own closed colony which has been maintained for over 10 years. The animal room was temperature controlled (23 ± 3°C) and light controlled (12 h light: 12 h dark). The rats were fed a standard laboratory ration ad libitum , (Rat chow No. 5012, Ralston Purina Co, St Louis, USA) and had continuous access to clean fresh water. All rats used were judged to be clinically healthy. The ages were: 10 days, 3, 6, 12, 18 and 24 months. A total of 36 rats were used in this experiment.
Intestinal contractions
Both in vivo and in vitro rates were determined on each rat. In vivo data was not collected at 10 days of age since the recording electrode design was such that 'clean' recordings were not possible due to the small size of the intestinal segments at that age.
In vivo rates
At 0900 h, a rat was first lightly anaesthetized with ether and when tractable was then injected with sodium pentobarbitone at a dosage of 4 mg/IOO g body weight into the peritoneal cavity. Additional anaesthetic was administered when necessary. The animal was then placed in dorsal recumbancy, front and back legs were taped down and a mid-ventral incision was made. The mid-duodenum, mid-jejunum, and distal ileum were sampled sequentially for contraction Caruolo rate by placing a pair of electrodes mounted in a split rubber sleeve around the serosal surface. The segment was returned to the peritoneal cavity and the opposing edges of the incision closed with clamps. The electrodes were in turn connected to an impedance pneumograph and the contractions were recorded with a pen recorder (Impedance pneumograph type 7212, channel amplifer type 7070, Narco Bio-systems, Inc, Houston, Texas, USA). It was found that when electrodes separated by 7 mm were mounted on the same side of the rubber sleeve, respiration artefacts were virtually absent in the recordings. It took as long as 15 min after handling an intestinal segment for rhythmic contractions to commence; however, once they did commence, a 3 min recording was taken. On completion of the in vivo recordings, the rat was euthanized with an intra-cardial injection of sodium pentobarbitone. Immediately thereafter intestinal segments were removed for the in vitro recordings.
In vitro rates Immediately upon removal of intestine from the rat, the lumen of a 15 mm segment was flushed with Tyrodes, each end was tied separately with white cotton thread (No. 50) for attachment to the muscle lever, and then placed in a petri dish containing Tyrodes (Parker, 1961) and stored at 4°C until used that same day. Previous preliminary work had established that cooling at 4°C overnight did not alter contraction characteristics. Just prior to use, the Tyrodes was passed through a 0,45 p,filter and gassed with a mixture of 5OJo CO 2 , 95% O 2 until a pH of 7, 2-7' 3 was reached. Two millilitres of 0'02% phenol red was added per litre of Tyrodes as a pH indicator. The container of gassed Tyrodes was sealed with parafilm TM. The pH remained unchanged for at least 6 h after gassing. A segment was removed from the petri dish and placed in a tissue bath controlled at 37°C. The segment was tensed at 400 mg. Contractions were recorded using an isometric muscle transducer. The apparatus was programmed so that the Tyrodes in the tissue bath was completely replaced every 4 min. Rhythmic contractions Means sharing the same superscript letter are not significantly different. Table 2 . The effect of age of rat on average contraction rate (contractions/min ± SEM) for the duodenum, jejunum, and ileum
Discussion
No previous studies appear to have considered the possible effect of strain, gender, or age.
The average contraction rates, determined both in vivo and in vitro, for the two strains and three intestinal locations, are presented in Table 1 . The contraction rates at all three recording sites were significantly different, being highest in the duodenum and lowest in the. ileum.
The average contraction rate at each age and for each intestinal location, pooled over in vivo and in vitro recording conditions, are presented in Table 2 . The fastest rate was in the duodenum and the slowest in the ileum for every age group; these were significant. Moreover, the slowest rate occurred at 10 days of age for all three intestinal locations and was significantly different from all other ages. The age/location interaction was not significant. Within a particular intestinal location, some ages had significantly different contraction rates associated with them; this aspect is further considered in the discussion. usually started within 4 min of being tensed.
Recordings were made and a 3 min session was used to arrive at contractions per minute.
Results
The questions asked were, are there significant effects of gender, strain, recording site, and age, and does in vivo measurements differ from in vitro? In none of the comparisons did the in vivo and in vitro contraction rates differ significantly. The overall average contraction rates for males and females were 26'1 and 24'6, and for the two strains were 25' 4 and 25' 4, respectively. Neither were statistically significantly different.
Data analysis A split plot design was used in which strain and age were considered in the whole plot and intestinal location and first order interaction were in the split plot. The in vivo data contained a total of four missing values and the in vitro data contained a total of three missing values. Consequently, gender, age, and strain were analysed by Linear Least Square Analysis. The significance of the means was tested by using Duncan's Multiple Range Test.
In the original design of the experiment, gender of the rat was not considered as a variable so no effort was made to include equal numbers of each gender in each treatment comparison. However, there was at least one of each gender at each age within strain group. Although there were insufficient numbers to consider age/ gender within strain interactions there were sufficient numbers to consider an overall gender effect.
There are only limited data published on the differences in the rhythmic mechanical (segmental) contractions of locational segments of the small intestine and this is on a few animal species. Most experiments involved modest numbers of animals, as few as three, although there were often multiple observations on a particular animal as in the study by Douglas (Douglas & Mann, 1939) who had 178observations on 5 dogs. There appears to have been little concern for animal to animal variation. For example, Douglas (1949) presented data in which 11 dogs were used for small intestine contraction rates, but no one dog had more than one location tested. Also the health of the animal apparently was not carefully controlled, since Alvarez (1915) stated, 'Animals with diarrhoea generally showed atypical erratic curves'. The design of the present study corrected these matters.
Data from the present study indicate that in vivo and in vitro values did not significantly differ. This would suggest that the pacemaker for these rhythmic contractions is local and was not significantly influenced by the central nervous system, by food or metabolic products in the intestinal lumen, or by humoral substances.
There were no significant differences in contraction rate between male and female rats or between strains. Although no other published data exists for comparison, it would not be extraordinary to find that strain differences do exist.
The two significant effects noted in the present study were intestinal location and age of rat. The rates of rhythmical contractions when summed over ages were significantly different among the three intestinal locations (Table 1) . In fact, these were consistently different (or the significance was not reversed) for all age comparisons (Table  2) since the age/location interaction was not significant. These locational differences in rate were reported for the rabbit (Alvarez, 1914) being 14'5-17, 12'5-13'5, and 9-11 for the duodenum, jejunum, and ileum, respectively. The dog was found to have only two different rates; the duodenum and jejunum were similar, and the ileum was slower, being 17· 6, 17· 6, and 13'1, respectively (Douglas, 1941) . Since the duodenum is the most often recorded site for in vivo contraction rate, there are more species comparisons for this location. The rat has the fastest rate of 30 (present study), and other sp"ecieshave similar slower rates, i.e. 18 for the cat (Learning & Cauna, 1961) , 17-22for the rabbit (Hightower, 1968) , 15-19 for the dog (Douglas, 1949 (Douglas, , 1941 , with man having the slowest rate of only 11-12 (Hightower, 1968) .
The major effect of age occurred at 10 days ( Table 2 ). Because of the small size of the intestine in lO-day-old rats, in vivo recordings were not obtained. The effect is based on the in vitro recording, this is unfortunate but nevertheless real.
For a particular location, there were some other ages besides 10 days for which the contraction rates were significantly different. For example, in the duodenum the rate was significantly faster at 3 months than at 6 and 18 months of age; there were other significant differences in the ileum and jejunum as well (Table 2 ). It would appear that the age/rate relationship for the ileum was less pronounced than for the other locations.
From a mechanistic standpoint, it would seem that any explanation for a difference in contraction rate due to age or location might include the following considerations. The ability to contract rhythmically is an inherent property of muscles of the small intestine and has been termed myogenic regulation (Hightower, 1968) . Thus, controlling factors are placed squarely at the level of the small intestine. Although at present the specific cellular basis is unknown, rhythmicity can be explained by the relaxation oscillator theory (Caprilli et al., 1982) . The stepwise contraction gradient is effected by considering that specialized cells in each intestinal segment act as an oscillator which is incompletely coupled to an adjacent oscillator (segment). The oscillator having the highest frequency drives the slower caudal oscillators. When the frequency difference between oscillators is too great a new plateau at a new slower frequency is formed (Costa & Furness, 1982) .
From a biological standpoint, it would seem that the following aspects may be involved in segments acting like oscillators. First, it has been shown that rhythmic contractions are due to a periodic depolarization of the longitudinal muscle cell membrane and that the basic mechanical rhythm of the intestinal segment is the same as the basic electrical rhythm (Bortoff, 1961) . Moreover, the decrease in rhythm frequency from duodenum to ileum is paralleled by a similar decrease in velocity of conduction of the basic electrical rhythm (Bortoff, 1961) . Secondly, intestinal oxygen consumption has been shown to be directly related to contraction velocity (Dorman & Steggerda, 1961) . Thirdly, there are approximately 12000 nerve cells/cm 2 in the duodenum and 3700/cm 2 in the jejunum, thus suggesting a relationship between nerve cell numbers and contraction frequency (Leaming & Cauna, 1961) . Consequently, future research on the causal relationship between frequency of contraction and age or intestinal location may well include measurement of basic electrical rhythm, tissue oxygen consumption, and an estimate of nerve cell numbers.
As a matter of pure speculation as to the functional significance, the consequence of the differences in contraction rate between 10 days of age and older may involve the nature of food ingested. Because of the non-fibrous, highly digestible nature of milk it would seem that there is much less need for repeated mixing of the intestinal contents; hence the slower contraction rates at nursing ages would provide adequate mixing. Also the slower rates may be associated with longer transit times which would provide a longer period for contact with digestive enzymes whose activity is low in the early postnatal period.
As a final note, the range in ages of rats used in the present study covered most of the life span for these strains, from very young (10 days) to old age (24 months) (Masoro, 1980) . Therefore, the relationships noted in the present study may apply to other species, including man, over most of their life span.
